Introduction
Besides its role in development, angiogenesis influences various disease processes. A large body of data indicates that angiogenesis plays a role in ocular and vascular diseases as well as tumor growth. 1 Paradoxically, in some diseases such as coronary artery disease angiogenesis plays a therapeutic role. 2 A broad range of molecules including growth factors, interleukins, and lipid molecules have been shown to modulate angiogenesis. [3] [4] [5] [6] [7] [8] It was shown that interplay between these various angiogenic factors/molecules is required for the orchestrated process of angiogenesis. 9 In the past several years, work from various laboratories including ours had revealed that eicosanoids, the oxygenated metabolites of arachidonic acid (AA) influence angiogenesis. [10] [11] [12] [13] [14] [15] [16] [17] Reinforcement of a role for eicosanoids in the regulation of angiogenesis can also be drawn by the demonstrations that while -6 polyunsaturated fatty acids (-6 PUFA) promote angiogenesis, -3 PUFA suppresses these effects. 18, 19 In this aspect, it was shown that cytosolic phospholipase A 2 (cPLA 2 ) that liberates AA from the sn-2 position of glycerophospholipids, exerts a positive effect on the regulation of angiogenesis. 20 Furthermore, numerous studies have shown that cyclooxygenase, lipoxygenase and cytochrome P450 monooxygenase, the 3 pathways by which AA converts into various eicosanoids, are linked to regulation of both embryonic and pathologic angiogenesis. [10] [11] [12] [13] [14] [15] [16] [17] 21, 22 In gaining more insight into the mechanisms of eicosanoid-induced angiogenesis, we have shown that 15(S)-hydroxyeicosatetraenoic acid (15(S)-HETE), the major product of AA metabolism via the 15-Lox, possesses the capacity to stimulate various signaling molecules, including Src, phosphatidylinositol 3-kinase (PI3K), Akt, MAP kinase/ERK kinase 1 (MEK1), and c-Jun N-terminal kinase 1 (JNK1) leading to activation of transcriptional factors such as activating transcriptional factor 2 (ATF2), activator protein 1 (AP1), early growth response factor 1 (Egr1), and signal transducers and activators of transcription (STATs) and thereby influencing the expression of angiogenic molecules such as fibroblast growth factor 2 (FGF2), vascular endothelial growth factor (VEGF) and IL-8 and promoting autocrine-mediated angiogenesis 11-15, 17, 23-25 . Among the signaling molecules that are robustly and sustainably activated by 15(S)-HETE in microvascular endothelial cells of various vascular beds are Src, a non-receptor tyrosine kinase 24 and Rac1, a Rho GTPase. 23 Both Src and Rac1 play important roles in the regulation of cell proliferation and migration. [26] [27] [28] [29] [30] Previously, we have reported that 15(S)-HETE-induced migration and tube formation of human retinal microvascular endothelial cells (HRMVECs) require Src-mediated Rac1 activation. 23 To understand the mechanisms of sustained activation of Rac1 by 15(S)-HETE in enhancing endothelial cell (EC) migration and tube formation, we have studied the role of its farnesylation as well as GDP/GTP exchangers. In the present work, we demonstrate that 12/15-Lox-15(S)-HETE via inducing the expression of HMG-CoA reductase facilitates the farnesylation and translocation of Rac1 to plasma membrane, where it becomes activated by Src-dependent ␣Pix-mediated GDP/GTP exchange in human dermal microvascular endothelial cells (HDMVECs). In addition, our results show that HMG-CoA reductase-dependent farnesylation and ␣Pix-dependent GDP/GTP exchange of Rac1 is essential for 12/15-Lox-15(S)-HETE-induced angiogenesis in response to hind-limb ischemia.
were bought from Cell Signaling Technology. Anti-HMGCoA reductase, anti-PY20, anti-Rac1 and anti-Src antibodies were obtained from Millipore. Anti-␤-tubulin (SC-9104) and anti-␣Pix (SC-10 927) antibodies were purchased from Santa Cruz Biotechnology. Anti-CD31 antibodies were obtained from BD Pharmingen. Anti-von Willebrand Factor (vWF) antibodies were supplied by Abcam. Hoechst 33 342 (H3570), Lipofectamine 2000 reagent and Prolong Gold antifade mounting medium (P36930) were bought from Invitrogen. Simvastatin was purchased from Enzo Lifesciences. Actinomycin D, cycloheximide and mevalonolactone were bought from Sigma Aldrich. Human ␣Pix siRNA and siCONTROL non-targeting siRNA were bought from Dharmacon RNAi Technologies. The Animal Care and Use Committee of the University of Tennessee Health Science Center approved all the protocols involving the use of animals.
Adenoviral vectors
The construction of Ad-GFP and Ad-dnSrc were described previously. 23, 31 Cell culture HDMVECs were bought from Cascade Biologics. HDMVECs were grown in medium 131 containing microvascular growth supplements (MVGSs), 10 g/mL gentamycin, and 0.25 g/mL amphotericin B. Cultures were maintained at 37°C in a humidified 95% air and 5% CO 2 atmosphere. HDMVECs were growth-arrested by incubating in medium 131 for 24 hours and used to perform the experiments unless otherwise indicated.
Transfections and transductions
HDMVECs were transfected with control or test siRNA molecules at a final concentration of 100nM using Lipofectamine 2000 transfection reagent according to the manufacturer's instructions. In the case of adenoviral vectors, cells were transduced with the adenovirus carrying GFP or target molecule at 40 moi overnight in complete medium. After transfections or transductions, cells were growth-arrested for 24 hours and used as required. To deliver siRNA molecules in vivo, 3 g of siRNA was mixed with 200 L of 30% pluronic gel and it was applied around the ligated femoral artery immediately after the surgery.
Cell migration
Cell migration was performed using a modified Boyden chamber method as described previously. 25 Vehicle or 15(S)-HETE were added to the lower chamber at the indicated concentrations. Both the upper and lower chambers contained medium 131. When the effect of a specific siRNA was tested on 15(S)-HETE-induced HDMVEC migration, cells were transfected with scrambled or test siRNA and growth-arrested before they were subjected to migration assay. In the case of testing the effects of pharmacologic agents, cells were treated first with the agent for 30 minutes at 37°C and then subjected to migration assay. After 6 hours of incubation at 37°C, non-migrated cells were removed from the upper side of the membrane with cotton swabs, and the cells on the lower surface of the membrane were fixed in methanol for 15 minutes. The membrane was then stained with DAPI in VECTASHIELD mounting medium (Vector Laboratories) and observed under Nikon Diaphot fluorescence microscope with photometrics CH250 CCD camera (Nikon). Cells were counted in 6 randomly selected squares per well and presented as number of migrated cells per field.
Tube formation
Tube formation assay was performed using 24-well plates coated with growth factor-reduced Matrigel as described previously. 25 The treatment conditions were the same as those applied in migration assay. Vehicle or 15(S)-HETE, at the indicated concentrations, were added to the appropriate well and the cells were incubated at 37°C for 6 hours. When the effects of a specific siRNA or pharmacologic agent were tested on 15(S)-HETEinduced HDMVEC tube formation, cells were subjected to this regimen exactly as described in cell migration followed by tube formation assay. Tube formation was observed under an inverted microscope (Eclipse TS100; Nikon). Images were captured with a CCD color camera (KP-D20AU; Hitachi) attached to the microscope and tube length was measured using the National Institutes of Health (NIH) ImageJ 1.421 software.
Membrane and cytoplasmic fractions
After appropriate treatments, HDMVECs were washed twice with ice-cold PBS containing 10mM NaF, 10mM ␤-glycerophosphate, 2 mg/mL leupeptin, 10 mg/mL aprotinin, and 1mM PMSF. Cells were scraped, dispersed by Teflon-glass Dounce homogenizer with 50 strokes on ice and lysed by sonication at half maximal speed for 15 seconds with 10 seconds interval for a total of 4 minutes. The resulting cell extracts were centrifuged at 3000g for 10 minutes to remove the cell debris. The resulting supernatant was subjected to centrifugation at 30 000g for 30 minutes at 4°C and the membrane (pellet) and cytoplasmic (supernatant) fractions were collected. The membrane pellet was dissolved in 10mM Tris-HCl buffer (pH 7.4) containing 0.3% SDS, 2 mg/mL leupeptin, 10 mg/mL aprotinin, and 1mM PMSF. After determining protein concentrations using BCA reagent, both the membrane and cytoplasmic fractions were analyzed by Western blotting using specific antibodies.
Western blotting
After appropriate treatments and rinsing with cold PBS, HDMVECs were lysed in 500 L lysis buffer (PBS, 1% nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 100 g/mL PMSF, 100 g/mL aprotinin, 1 g/mL leupeptin, and 1mM sodium orthovanadate) and scraped into 1.5 mL Eppendorf tubes. After standing on ice for 20 minutes, the cell lysates were cleared by centrifugation at 12 000 rpm for 20 minutes at 4°C. Cell lysates containing an equal amount of protein were resolved by electrophoresis on 0.1% SDS and 10% polyacrylamide gels. The proteins were transferred electrophoretically to a nitrocellulose membrane. After blocking in 10mM Tris-HCl buffer, pH 8.0, containing 150mM sodium chloride, 0.1% Tween 20 and 5% (wt/vol) non-fat dry milk, the membrane was treated with appropriate primary antibodies followed by incubation with HRP-conjugated secondary antibodies. The antigen-antibody complexes were detected using chemiluminescence reagent kit (GE Healthcare).
Pull-down assay
An equal amount of protein from control and each treatment was incubated with GST-PAK1 (Cdc42 and Rac1 interactive binding domain)-conjugated Sepharose CL4B beads for 45 minutes at 4°C. The beads were collected by centrifugation, washed in lysis buffer, heated in Laemmeli sample buffer for 5 minutes and the released proteins were resolved on 0.1% SDS-12% PAGE and immunoblotted with anti-Rac1 antibodies. After incubation with HRP-conjugated secondary antibodies, the antigen-antibody complexes were detected using a chemiluminescence reagent kit.
Real-time reverse RT-PCR
After appropriate treatments, total cellular RNA was isolated from HDMVECs using RiboPure Kit as per the manufacture's instructions (Ambion). Reverse transcription was carried out with High Capacity cDNA reverse transcription kit for RT-PCR based on supplier's protocol (Applied Biosystems). The cDNA was then used as template for PCR using TaqMan Gene Expression Assays for human HMG-CoA reductase and human ␤-actin (Hs01102991_g1 and Hs99999903_m1, respectively) and murine HMG-CoA reductase and murine ␤-actin (Mm01282499_m1 and Mm02619580_g1, respectively) were purchased from Applied Biosystems. The amplification was carried out on Applied Biosystems 7300 real-time PCR Systems (Applied Biosystems) using the following conditions: 95°C for 10 minutes followed by 40 cycles at 95°C for 15 seconds with final extension at 60°C for 1 minute for both HMG-CoA reductase and ␤-actin. The PCR-amplification was examined using the 7300 real-time PCR system operated SDS Version 1.4 program. The program uses the Delta Rn analysis method (Applied Biosystems).
Hind-limb ischemia
Hind-limb ischemia was induced in wild-type mice as previously reported by ligating the left common femoral artery proximal to origin of the profunda femoris artery. 25 Mice were anesthetized with intraperitoneal injection of ketamine (100 mg/kg) and xylazine (8 mg/kg). Aseptic surgery was performed to ligate the left common femoral artery as follows. An incision was made in left groin of mice. Blunt dissection was performed and the left common femoral artery was identified by its pale pink color and pulsatile nature. The common femoral vein and femoral nerve were dissected free of the artery. Two ligations were performed in the common femoral artery proximal to the origin of the profunda femoris artery using 6.0 nylon sutures. The common femoral artery was then transected between the ligation sites. Immediate blanching was noted in the distal left hind limb after ligation. The incision was sutured in a single layer using the same suture material as for ligation. Two days before surgery, intraperitoneal injections of simvastatin (5 mg/kg body weight) and mevalonate (10 mg/kg body weight) were given to mice everyday until the completion of the experiment. Mice were noted to be limping and dragging the left hind limb after recovery from anesthesia.
Double immunofluorescence staining
After dissecting out adductor muscles from mice, they were snap-frozen in OCT compound. Cryosections (5 m) were made using Leica Kryostat (Model: CM3050S, Leica). After blocking in normal goat serum, the cryosections were incubated with rabbit anti-mouse von Willebrand Factor (vWF) antibodies and rat anti-mouse CD31 antibodies or anti-HMG-CoA reductase antibodies for 1 hour. After washing in PBS, all slides were incubated with goat anti-rabbit secondary antibodies conjugated with Alexa Fluor 568 or goat anti-rat secondary antibodies conjugated with Alexa Fluor 488 or goat anti-rat secondary antibodies conjugated with Alexa Fluor 568. To study translocation of Rac1, HDMVECs were grown on cell culture grade coverslips to 40% confluence, quiesced and treated with vehicle or 0.1M 15(S)-HETE for 30 minutes in combination with or without 10M simvastatin and/or 50M mevalonate. After treatment, cells were washed with PBS and fixed with 3% paraformaldehyde for 10 minutes at 37°C. To retrieve antigen, cells were treated at 65°C for 20 minutes in sodium citrate buffer (10mM sodium citrate, 0.05% Tween 20, pH 6.0), blocked and permeabilized in PBS containing 3% BSA and 0.5% Triton X-100 for 15 minutes at room temperature. Permeabilized cells were incubated first with anti-Rac1 antibodies (1:200 dilution in PBS) followed by goat anti-mouse secondary antibodies conjugated with Alexa Fluor 568, counterstained with HOECHST 33 342 (1:3000 dilution in PBS) for 1 minute at room temperature and mounted onto glass slides with Prolong Gold antifade mounting medium. Fluorescence images of cells were captured using an inverted Zeiss fluorescence microscope (AxioVision AX10) via a 40ϫ NA 0.6 objective and AxioCam MRm camera without any enhancements.
Statistics
All the experiments were repeated 3 times and data are presented as means Ϯ SD. The treatment effects were analyzed by Student t test, and the P values Ͻ .05 were considered statistically significant. In the case of double immunofluorescence staining and Western blotting, 1 representative set of data are shown.
Results

Simvastatin inhibits 15(S)-HETE-induced Rac1 farnesylation and activation
Previously we have reported that 15(S)-HETE activates Rac1 in both HDMVECs and HRMVECs facilitating their migration and tube formation. 23, 25 To understand the mechanisms by which 15(S)-HETE activates Rac1 in these cells, we have studied the role of HMG-CoA reductase and RhoGEFs as these molecules play an important role in RhoGTPase farnesylation and GDP/GTP exchange, respectively. [32] [33] [34] [35] In agreement with our previous observations, 15(S)-HETE (0.1M) stimulated Rac1 in a time-dependent manner ( Figure 1A ). Simvastatin, a potent inhibitor of HMG-CoA reductase, blocked 15(S)-HETE-induced Rac1 activation ( Figure  1B) . Consistent with its effect on Rac1 activation, simvastatin also inhibited 15(S)-HETE-induced HDMVEC migration and tube formation ( Figure 1C-D) . Because the role of HMG-CoA reductase in the regulation of RhoGTPases lies at the level of their farnesylation, next we wanted to find whether Rac1 gets farnesylated in response to 15(S)-HETE. 15(S)-HETE-induced Rac1 farnesylation in a time-dependent manner ( Figure 2A ). In addition, simvastatin reduced 15(S)-HETE-induced Rac1 farnesylation (Figure 2B) . If simvastatin blockade of Rac1 activation was because of its inhibition of HMG-CoA reductase activity affecting the production of isoprenoids then one would expect that exogenous addition of HMG-CoA reductase product, and isoprenoid precursor, mevalonate should overcome the inhibitory effect of simvastatin on 15(S)-HETE-induced Rac1 farnesylation and activation. Indeed, exogenous addition of mevalonate rescued 15(S)-HETE-induced Rac1 farnesylation and activation from inhibition by simvastatin ( Figure 2B ). Because farnesylation of Rac1 is required for its membrane translocation, we asked the question whether inhibition of HMG-CoA reductase by simvastatin prevents Rac1 translocation from the cytoplasm to the membrane and mevalonate rescues these effects. Treatment of cells with 15(S)-HETE led to increased translocation of Rac1 from the cytoplasm to the membrane and this response was substantially blocked by simvastatin ( Figure 2B-C) . Furthermore, simultaneous addition of mevalonate rescued 15(S)-HETE-induced membrane translocation of Rac1 from inhibition by simvastatin ( Figure 2B-C) . Consistent with these observations, mevalonate also rescued 15(S)-HETE-induced HDMVEC migration and tube formation from inhibition by simvastatin ( Figure 2D -E). Mevalonate alone had no effect on Rac1 farnesylation and its membrane translocation and activation ( Figure 2B-C) . In line with these observations, mevalonate alone also had no effect on HDMVEC migration and tube formation ( Figure 2D -E).
15(S)-HETE induces HMG-CoA reductase expression in HDMVECs
To find the mechanism by which 15(S)-HETE stimulates Rac1 farnesylation, we have studied its effect on the expression of HMG-CoA reductase. 15(S)-HETE-induced HMG-CoA reductase mRNA levels in a time-dependent manner with a 2-fold increase at 1 hour and this effect was sustained till 2 hours ( Figure 3A ). To confirm this result, we also tested the effect of 15(S)-HETE on HMG-CoA reductase protein levels. Consistent with its effect on HMG-CoA reductase mRNA levels, 15(S)-HETE-induced HMG-CoA reductase expression at protein level as well ( Figure  3B 
15(S)-HETE-induced Rac1 activation requires Src-dependent ␣Pix stimulation
To find the RhoGEFs that mediate 15(S)-HETE-induced Rac1 activation, we have examined the role of ␣Pix. 15(S)-HETE stimulated the tyrosine phosphorylation of ␣Pix in a timedependent manner ( Figure 4A ). Because our previous studies showed that 15(S)-HETE stimulates Src, 24, 25 we asked the question whether this non-receptor tyrosine kinase plays a role in 15(S)-HETE-induced ␣Pix phosphorylation. Adenovirus-mediated transduction of dominant negative Src completely blocked 15(S)-HETE-induced ␣Pix phosphorylation ( Figure 4B) . To test the effect of ␣Pix on 15(S)-HETE-induced Rac1 activation, we used siRNA approach. As shown in Figure 4C , ␣Pix siRNA but not scrambled RNA depleted ␣Pix steady-state levels by ϳ 65%. Down-regulation of ␣Pix levels by its siRNA also inhibited 15(S)-HETE-induced Rac1 activation ( Figure 4D) . Similarly, siRNA-mediated down-regulation of ␣Pix levels blocked 15(S)-HETE-induced HDMVEC migration and tube formation substantially ( Figure 4E-F) .
Lack of angiogenic response to hind-limb ischemia in 12/15-Lox ؊/؊ mice 12/15-Lox is the murine ortholog of human 15-Lox1. Therefore, to extend the in vitro observations to in vivo, we used 12/15-Lox Ϫ/Ϫ mice. Hind-limb ischemia induced angiogenesis in WT mice as measured by blood perfusion using Laser Doppler Perfusion Imager. However, hind-limb ischemia failed to trigger a similar angiogenic response in 12/15-Lox Ϫ/Ϫ mice ( Figure 5A ). To confirm these observations, we have isolated adductor muscles from WT and 12/15-Lox Ϫ/Ϫ mice, made sections and immunostained for CD31 and vWF. Double immunofluorescence staining of adductor muscle sections for CD31 and vWF revealed that hind-limb ischemia increases the number of new blood vessels in the adductor muscles of WT mice compared with 12/15-Lox Ϫ/Ϫ mice ( Figure  5B ). Because 15(S)-HETE activates Rac1 very robustly, we next asked the question whether the lack of angiogenic response to hind-limb ischemia in 12/15-Lox Ϫ/Ϫ mice was because of lack of activation of Rac1. To address this postulation, 7 days after ligation of femoral artery, tissue extracts of adductor muscles from both WT and 12/15-Lox Ϫ/Ϫ mice were prepared and analyzed for GTP-bound Rac1. Hind-limb ischemia induced Rac1 activation by ϳ 3-fold compared with control in WT mice ( Figure 5C ). In contrast, hind-limb ischemia had no such effect on Rac1 activation in 12/15-Lox Ϫ/Ϫ mice. To understand the mechanism(s) for the lack of a response in the activation of Rac1 in 12/15-Lox Ϫ/Ϫ mice compared with WT mice in response to hind-limb ischemia, we have measured Rac1 farnesylation. Interestingly, hind-limb ischemia increased farnesylation of Rac1 only in WT mice but not in 12/15-Lox Ϫ/Ϫ mice ( Figure 5C ). To test whether the lack of Rac1 farnesylation in 12/15-Lox Ϫ/Ϫ mice was because of alterations in the expression levels of HMG-CoA reductase, we studied the effect of hind-limb ischemia on its mRNA and protein levels. Hind-limb ischemia induced HMG-CoA reductase expression at both mRNA and protein levels only in WT mice but not in 12/15-Lox Ϫ/Ϫ mice ( Figure 5D-E) . To find whether the increased expression of HMG-CoA reductase occurs in ECs, we have performed double immunofluorescence staining of adductor muscle sections for HMG-CoA reductase and CD31. As shown in Figure 5F , hind-limb ischemia increased the expression of HMG-CoA reductase mainly in ECs. To validate the role of HMG-CoA reductase in hind-limb ischemia-induced Rac1 activation and angiogenesis further, we used a pharmacological approach. Intraperitoneal injection of simvastatin (5 mg/kg/d/9 days) blocked hind-limb ischemia-induced Rac1 minutes in the presence and absence of 10M simvastatin in combination with or without 50M mevalonate and either whole cellular extracts or the cytoplasmic and membrane fractions were prepared. Rac1 farnesylation was measured by immunoprecipitation of an equal amount of protein with anti-farnesyl antibodies followed by immunoblotting with anti-Rac1 antibodies. Rac1 activation was measured by pull-down assay. Rac1 and Na/K ATPase levels were measured by Western blotting using their specific antibodies. (C) All the conditions were the same as in panel B, except that cells were fixed, permeabilized and immunostained for Rac1 using anti-Rac1 antibodies followed by probing with Alexa Fluor 568-conjugated secondary antibodies. (D-E) HDMVECs were treated with or without 10M simvastatin in the presence and absence of 50M mevalonate, trypsinized, rinsed with TNS and subjected to 15(S)-HETE (0.1M)-induced tube formation (D) or migration (E). The bar graphs in panels A, D and E represent the mean Ϯ SD values of 3 independent experiments. *P Ͻ .01 versus control; **P Ͻ .01 versus 15(S)-HETE; ***P Ͻ .01 versus simvastatin ϩ 15(S)-HETE. C indicates cytoplasmic fraction; M, membrane fraction; ss, simvastatin; and ML, mevalonate.
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BLOOD, 17 NOVEMBER 2011 ⅐ VOLUME 118, NUMBER 20 For personal use only. on July 15, 2017. by guest www.bloodjournal.org From farnesylation and activation in WT mice ( Figure 6A ). Simvastatin also suppressed hind-limb ischemia-induced angiogenesis ( Figure  6B-C) . In addition, simultaneous administration of mevalonate along with simvastatin (10 mg/kg/d/9 days) rescued hind-limb ischemia-induced Rac1 farnesylation and activation resulting in the recovery of angiogenic response from inhibition by simvastatin ( Figure 6A-C) . Mevalonate alone, however, had no additional effect on Rac1 farnesylation/activation and angiogenesis than what was observed with ischemia ( Figure 6A-C) . If the lack of angiogenic response to hind-limb ischemia in 12/15-Lox Ϫ/Ϫ mice was because of a reduction in HMG-CoA reductase induction levels, then one would expect that supplementing these mice with mevalonate should alleviate this defect. Administration of 12/15-Lox Ϫ/Ϫ mice with mevalonate restored the ability of these mice to respond to hind-limb ischemia in the stimulation of Rac1 farnesylation and activation as well as angiogenesis only partially ( Figure 7A-B) . In regard to Src and ␣Pix, hind-limb ischemia increased tyrosine phosphorylation of both these molecules in WT and 12/15-Lox Ϫ/Ϫ mice, although the response was much lower in the latter group of mice compared with the former group ( Figure 8A) . Furthermore, down regulation of ␣Pix levels by its siRNA attenuated hind-limb ischemia-induced Rac1 activation and angiogenesis in WT mice (Figure 8B-C) .
Discussion
The important observations of the present study are as follows: (1) angiogenesis in WT mice and administration of mevalonate rescued these effects; (10) supplementation of mevalonate restored the ability of 12/15-Lox Ϫ/Ϫ mice to farnesylate and activate Rac1 as well as to induce angiogenesis in response to ischemia modestly; (11) hind-limb ischemia activated both Src and ␣Pix in WT as well as 12/15-Lox Ϫ/Ϫ mice, although the response in the latter group of mice was much lower compared with the former group; and (12) down-regulation of ␣Pix levels attenuated ischemia-induced Rac1 activation and angiogenesis. Together, these observations suggest that 12/15-Lox-12/15(S)-HETE-induced angiogenesis requires HMG-CoA reductase-dependent farnesylation and Srcdependent ␣Pix-mediated activation of Rac1.
Rac1 via its involvement in the modulation of cytoskeletal remodeling plays an important role in cell migration and proliferation. [28] [29] [30] We have previously reported that 15(S)-HETE induces HDMVEC migration and tube formation. 25 Both these events require cytoskeletal remodeling. In this aspect, 15(S)-HETE stimulated Rac1 very robustly, which in turn, correlated with migration and tube formation of HDMVECs. In the present study, we observed that 15(S)-HETE induces HMG-CoA reductase expression in HDMVECs. HMG-CoA reductase is a rate-limiting enzyme in the biosynthesis of cholesterol. 36 In addition to its role in cholesterol biosynthesis, via producing isoprenoids and thereby promoting isoprenylation, HMG-CoA reductase facilitates membrane targeting of proteins such as Rho GTPases. 37 
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BLOOD, 17 NOVEMBER 2011 ⅐ VOLUME 118, NUMBER 20 For personal use only. on July 15, 2017. by guest www.bloodjournal.org From of HMG-CoA reductase in 15(S)-HETE-induced angiogenesis can be further strengthened by the observations that exogenous addition of mevalonate rescues 15(S)-HETE-induced farnesylation of Rac1, its membrane translocation and activation from inhibition by simvastatin. As mevalonate also restored 15(S)-HETE-induced migration and tube formation of HDMVECs from inhibition by simvastatin, it is likely that HMG-CoA reductase-dependent Rac1 activation is crucial for the angiogenic effects of 15(S)-HETE in HDMVECs. It may be pointed out that simvastatin while blocking 15(S)-HETE-induced Rac1 farnnesylation almost completely, inhibited Rac1 activation by ϳ 85%. This small variation between Rac1 farnesylation and its stimulation in response to 15(S)-HETE could be because of basal levels of membraneassociated Rac1 that could be activated by Src-mediated ␣Pix. Because exogenous addition of mevalonate alone was not sufficient to cause Rac1 farnesylation and its membrane translocation, it is possible that in addition to its influence on induction of HMG-CoA reductase expression, 15(S)-HETE may also activate other events such as farnesyl transferase (FT) and/or geranylgeranyl transferase (GGT) activities, that are also crucial for farnesylation of Rac1 and its membrane translocation. Although, we have previously demonstrated that Src plays a role in 15(S)-HETE-induced Rac1 activation, the mechanisms by which it mediates this effect was not clear. In this aspect, our present observations reveal that 15(S)-HETE stimulates ␣Pix, a RhoGEF, via Src and it mediates 15(S)-HETE-induced Rac1 activation. Consistent with the role of Rac1 in HDMVEC migration and tube formation, depletion of ␣Pix levels also resulted in the down regulation of these responses.
The in vivo observations reveal that ischemia induces the expression of HMG-CoA reductase and it correlates with the activation of Rac1. In fact, inhibition of HMG-CoA reductase resulted in the suppression of Rac1 activation. It appears that ischemia-induced expression of HMG-CoA reductase is restricted mostly to ECs as shown by double immunofluorescence staining for CD31, a specific marker for EC, and HMG-CoA reductase. Previously, we have reported that hypoxia induces the production of 15(S)-HETE in HRMVECs. 14 Tissue extracts were prepared from ischemic and non-ischemic adductor muscles of WT mice that were administered with or without simvastatin in combination with and without mevalonate and analyzed for Rac1 farnesylation and activation as described in Figure 3. (B) Blood flow was measured by LDPI. (C) Ischemic adductor muscle sections of WT mice that were administered with or without simvastatin in combination with and without mevalonate were stained for CD31 (red) and vWF (green). The bar graphs in panels A and B represent the mean Ϯ SD values of 3 independent experiments or 6 animals. *P Ͻ .05 versus WT non-ischemia; # P Ͻ .05 versus WT ischemia. **P Ͻ .05 versus WT ischemia ϩ simvastatin.
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BLOOD, 17 NOVEMBER 2011 ⅐ VOLUME 118, NUMBER 20 For personal use only. on July 15, 2017. by guest www.bloodjournal.org From inducing HMG-CoA reductase expression, also modulates other events such as FT/GGT activities in the farnesylation/geranylgeranylation of Rac1 and its heightened activation. Because ischemia induced partial Rac1 farnesylation/activation and angiogenesis in 12/15-Lox Ϫ/Ϫ mice, it is likely that other eicosanoids or cytokines are produced as a compensatory response to the loss of 12/15-Lox and mediated these partial angiogenic responses. Although, the activation of Src and ␣Pix by ischemia in WT mice suggests a role for these molecules in angiogenesis, it appears that these events are not the major factors for the lack of a response of 12/15-Lox Ϫ/Ϫ Figure 7 . Mevalonate restores the capacity of 12/15-Lox ؊/؊ mice to respond to hind-limb ischemia in the induction of Rac1 farnesylation and activation and new blood vessel formation. (A) Tissue extracts were prepared from ischemic and non-ischemic adductor muscles of 12/15-Lox Ϫ/Ϫ mice that were administered with and without mevalonate and analyzed for Rac1 farnesylation and activation as described in Figure 3. (B) Blood perfusion was measured by LDPI. The bar graphs represent the mean Ϯ SD values of 3 independent experiments or 6 animals. *P Ͻ .05 versus ischemia. Figure 8 . Down-regulation of ␣Pix levels attenuate hind-limb ischemia-induced Rac1 activation and angiogenesis. (A) Tissue extracts were prepared from ischemic and non-ischemic adductor muscles of WT and 12/15-Lox Ϫ/Ϫ mice and analyzed for Src and ␣Pix activation. To determine Src activation, its tyrosine phosphorylation was measured by Western blotting using its phospho-specific antibodies. Activation of ␣Pix was measured as described in Figure 4A. (B) Tissue extracts were prepared from ischemic and non-ischemic adductor muscles of WT mice that received scrambled or ␣Pix siRNA and analyzed for Rac1 activation by pull-down assay and ␣Pix levels by Western blotting. (C) Blood perfusion was measured by LDPI in WT mice that received scrambled or ␣Pix siRNA in response to ischemia. The bar graph represents the mean Ϯ SD values of 3 independent experiments or 6 animals. *P Ͻ .05 versus WT non-ischemia; #P Ͻ .05 versus 12/15-Lox Ϫ/Ϫ non-ischemia; **P Ͻ .05 versus WT ischemia; $P Ͻ .05 versus WT ischemia ϩ scr siRNA.
mice to hind-limb ischemia-induced angiogenesis as they are also activated in these mice, although to a lesser extent. It was reported that 12/5-Lox knockout prevents the development of atheroscelrosis in ApoE Ϫ/Ϫ mice. 38, 39 Many studies have reported that intraplaque angiogenesis plays a role in plaque rupture and therefore causes thrombus formation. 40, 41 Previous studies have also reported that atherosclerotic arteries convert arachidonic acid preferentially to 15-HETE. 42, 43 Because 15-HETE is produced in atherosclerotic arteries and 12/15-Lox-12/15(S)-HETE axis induces angiogenesis, it is possible that these lipid molecules may play a role in the development of intraplaque angiogenesis. Similarly, many reports have indicated that 12/15(S)-HETE promotes cancer development particularly prostate cancer. [44] [45] [46] Therefore, one mechanism by which these lipid molecules could influence tumor growth is via their involvement in the stimulation of angiogenesis. In this aspect, the present findings that 12/15-Lox Ϫ/Ϫ mice lack the capacity to ischemia-induced HMG-CoA reductase expression and Rac1 farneysylation, provide a compelling evidence for the role of this AA metabolizing enzyme in tumor growth and vascular diseases. In addition, it is important to point out that many reports showed that statins, which were shown to have beneficial effects in the prevention of both cancer and vascular diseases, inhibit angiogenesis, [47] [48] [49] [50] although some reports demonstrated the opposite effects. 48 The induction of angiogenesis by statins at lower doses as observed by some studies could be mediated via mechanisms that are independent of their effects on HMG-CoA reductase.
In brief, as shown the Figure 9 , the present study provides the first evidence for the role of HMG-CoA reductase in 12/15-LOX-12/15(S)-HETE-induced angiogenesis. The present findings may also suggest that approaches targeting inhibition of 12/15-LOX may be more effective in the treatment of cancer and vascular diseases. 
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